Although the final size of plant organs is influenced by environmental cues, it is generally accepted that the primary size determinants are intrinsic factors that regulate and coordinate cell proliferation and cell expansion. Here, we show that optimal proteasome function is required to maintain final shoot organ size in Arabidopsis (Arabidopsis thaliana). Loss of function of the subunit regulatory particle AAA ATPase (RPT2a) causes a weak defect in 26S proteasome activity and leads to an enlargement of leaves, stems, flowers, fruits, seeds, and embryos. These size increases are a result of increased cell expansion that compensates for a reduction in cell number. Increased ploidy levels were found in some but not all enlarged organs, indicating that the cell size increases are not caused by a higher nuclear DNA content. Partial loss of function of the regulatory particle non-ATPase (RPN) subunits RPN10 and RPN12a causes a stronger defect in proteasome function and also results in cell enlargement and decreased cell proliferation. However, the increased cell volumes in rpn10-1 and rpn12a-1 mutants translated into the enlargement of only some, but not all, shoot organs. Collectively, these data show that during Arabidopsis shoot development, the maintenance of optimal proteasome activity levels is important for balancing cell expansion with cell proliferation rates.
The 26S proteasome (26SP) is a multisubunit, multicatalytic, 2.4-MD protease responsible for the degradation of proteins involved in various biological processes (Varshavsky, 2005; DeMartino and Gillette, 2007; Hanna and Finley, 2007; . Prior to their degradation, most 26SP target proteins are covalently modified with a polyubiquitin chain in a three-step enzymatic reaction . In addition to its central function in recognizing and degrading polyubiquitinated proteins, the 26SP can also degrade proteins that were not modified by polyubiquitination (Benaroudj et al., 2001; Lee et al., 2006; Pande et al., 2007) .
The 26SP consists of a cylindrical 20S core complex and two 19S regulatory particles that cap the 20S core on both ends. The 20S proteasome (20SP) is composed of seven related a-subunits and seven related b-subunits arranged in a stack of four heptameric rings. The outer rings are composed of a-subunits and the inner rings are composed of b-subunits, of which three have proteolytic activities described as caspase-, trypsin-, and chymotrypsin-like . The regulatory particles (RPs) serve as highly restrictive gatekeepers for the core protease. Each RP is composed of a lid subcomplex, which contains at least nine non-ATPase subunits designated RPN3, RPN5 to RPN9, RPN11, RPN12, and RPN15 and a base subcomplex that contains RPN1, RPN2, RPN13, and RPT1 to RPT6 subunits. The RPN10 and RPN13 subunits have been shown to recognize polyubiquitinated proteins; thus, they define the main interaction points of the 26SP with its target proteins (Young et al., 1998; Smalle and Vierstra, 2004; Husnjak et al., 2008; Schreiner et al., 2008) . Ubiquitinated proteins can also interact with the 26SP by first binding to the carrier proteins RAD23 (for radiation sensitive 23), DSK2 (for dominant suppressor of kar1 2), and DDI1 (for DNA damage inducible 1), which then bind the RP base subunit RPN1 (Elsasser et al., 2002 (Elsasser et al., , 2004 Elsasser and Finley, 2005) . The RPT base subunits belong to the class of AAA ATPases and are thought to be important for the unfolding and translocation of substrate proteins through the central pore in the 20SP base called the 20SP gate (Vale, 2000; Bajorek and Glickman, 2004) . Similar to all other AAA ATPases, the non-AAA modules of RPTs confer functional specificity to these proteins, and in yeast, the functions of the six RP ATPases have been shown to differ (Smith et al., 2007) . For example, the main function of yeast RPT2 and RPT5 subunits is to regulate the opening of the 20SP gate (Smith et al., 2007) .
Despite the many recent advances in proteasome research Schreiner et al., 2008) , the specific functions of most of the RP subunits remain unknown. Because of the complex quaternary structure of the 26SP and the feedback mechanisms that coregulate the expression of proteasome subunit genes in response to temporal or spatial demands, the overexpression of individual subunits in most cases does not lead to a change in total proteasome activity . Thus, the main strategy used to study the specific functions of a particular RP subunit involves the analyses of mutants in which the expression of the corresponding subunit gene is down-regulated or abolished . However, assigning a specific function to an RP subunit based on the analyses of loss-of-function mutants can be difficult. The major challenge in this approach has been to discern between the effects of a mutation on subunit function in particular and on total proteasome function in general. For example, the halted root (hlr) mutant was isolated as a short-root mutant that has an expanded root tip, and this phenotype was shown to be a result of a 13-bp-long deletion in the RPT2a gene (Ueda et al., 2004) . However, the majority of RP mutants described to date have shorter roots, which suggests that it is the down-regulation of 26SP function and not specifically the RPT2a subunit that leads to the change in root growth . In another example, the ae3-1 mutant, isolated as an enhancer of asymmetric leaves1 (as1) and as2, was shown to carry a mutation in the RPN8a gene (Huang et al., 2006) . The ae3-1 plants have a reduced rosette size, altered leaf phyllotaxy, and lanceolated, abaxialized leaves (Huang et al., 2006) . Double mutant analyses of as2 with other proteasome subunit mutants showed that all double mutant lines have comparable leaf phenotypes and, thus, that the originally observed effect of ae3-1 on as1/as2 phenotypes is the result of a general alteration in 26SP function (Huang et al., 2006) . In conclusion, most of the phenotypes of the RP mutants described to date seem to reflect a general alteration in proteasome activity and not a specific defect that relates to a specific function of a particular subunit (Huang et al., 2006; .
Comparative analyses of the RP mutants rpn10-1, rpn12a-1, and rpt2a-2 revealed that the strongest proteasome defect was caused by rpn10-1 and the weakest defect was caused by the rpt2a-2 mutation . The rpt2a-2 mutation induces a phenotype that sets this line apart from the other RP mutants: it leads to an increase in size of the rosette and other shoot organs. In this study, we tested the hypothesis that the enlargement of aerial organs in rpt2a-2 reflects a specific function of the RPT2 subunit. To this end, we determined the cellular phenotypes of two rpt2a mutant alleles and compared them with the phenotypes of rpn10-1 and rpn12a-1 mutants. We demonstrate that any decrease in 26SP function leads to a reduction in cell number that is accompanied by increased cell sizes. This suggests that optimal proteasome function is required for the proper execution of preprogrammed cell proliferation and expansion rates.
RESULTS

Isolation of Arabidopsis rpt2 Mutants
In contrast to Saccharomyces cerevisiae, Caenorhabditis elegans, and Drosophila melanogaster, which have one RPT2 gene, the RPT2 subunit in Arabidopsis (Arabidopsis thaliana) is encoded by a two-member gene family (Rubin et al., 1998; Takahashi et al., 2002; Wó jcik and DeMartino, 2002; Shibahara et al., 2004; Ueda et al., 2004; Sö nnichsen et al., 2005; . AtRPT2a (At4g29040) and AtRPT2b (At2g20140; Fig.  1A ) encode 444-amino acid proteins sharing 98.8% identity at the protein level. Analyses of public microarray expression data showed that RPT2a is consistently expressed at a higher level than RPT2b and that the expression of both genes is developmentally regulated (Fig. 1B) .
To analyze the effects of the loss of RPT2 function on shoot growth, we isolated a second ecotype Columbia (Col-0) T-DNA insertion mutation in RPT2a, rpt2a-3, and an insertion mutation in RPT2b. Gel-blot analysis of total RNA revealed that the RPT2a transcript level was altered in all tested rpt2 mutants (Fig. 1C) . The weak signal at the migration position of the RPT2a transcript in rpt2a-2 likely represents a cross-reaction of the probe with the RPT2b mRNA. In the rpt2a-3 allele, the transcript was shorter than in the wild type, and sequence analyses of RT-PCR products revealed that it contains the RPT2a coding region downstream of the insertion mutation, suggesting that the expression of this transcript is driven by a promoter within the T-DNA ( Fig. 1C ; data not shown). In the rpt2b-1 mutant, the RPT2a transcript was more abundant than in the wild type, which is in agreement with previously described findings that a potential decrease in proteasome activity leads to a compensatory upregulation of the expression of 26SP subunit genes (Yang et al., 2004; Huang et al., 2006; . We then tested the levels of immunoreactive RPT2 protein in 10-d-old seedlings in all rpt2 alleles (Fig. 1, D and E) . Because RPT2a and RPT2b are nearly identical at the amino acid level, the polyclonal anti-bodies generated against RPT2a are expected to recognize both isoforms. In homozygous rpt2a mutants, the RPT2 levels were reduced to 30% 6 10% of the wild-type levels, and in rpt2b-1, they were reduced to 70% 6 10%. This suggests that all lines are indeed null mutants and that the RPT2b protein represents 30% or less of the total RPT2 pool in wild-type seedlings. Both rpt2a mutants displayed an up-regulation in the abundance of the 20SP subunit PBA1, which is indicative of a loss in 26SP function ( Fig. 1D ; Yang et al., 2004) .
In 26SP RP mutants, decreased 26SP assembly rates lead to an increase in the abundance of the free 20SP, which is further enhanced by the compensatory upregulation of the proteasome subunit gene set . The increased 20SP activity in rpt2a-2 and other tested RP mutants leads to an elevated tolerance to the proteasome inhibitor MG132 in a growth response assay . The hypocotyls of 5-d-old etiolated rpt2a seedlings were approximately 20% longer than those of wild-type and rpt2b-1 seedlings (data not shown). Similar to rpt2a-2 , the rpt2a-3 mutant was more tolerant to MG132 (Fig. 1F) . The hypocotyl elongation of Col-0 seedlings grown on 50 mM MG132 was inhibited by approximately 80% compared with the untreated control, while the same treatment reduced rpt2a hypocotyl growth only approximately 50% compared with the untreated mutants. Two-way nonparametric ANOVA with the Bonferroni posttest confirmed that the effects of the treatment on wild-type and mutant lines were significantly different (P , 0.0001). The rpt2b-1 mutant was not more tolerant to the MG132-induced growth inhibition, however (Fig. 1F) . Thus, we concluded that the rpt2a-2 and rpt2a-3 mutants share proteasomerelated phenotypes both qualitatively and quantitatively.
Morphological Characterization of rpt2a Mutants Due to the low expression level of RPT2b compared with RPT2a and the relatively weak proteasome defect caused by rpt2a mutations, we predicted that the rpt2b-1 mutant would not show a strong developmental phenotype. Indeed, rpt2b-1 mutant seedlings were indistinguishable from the wild type ( Fig. 2A ; data not shown for later developmental stages). In contrast, we noticed that 3-d-old light-grown rpt2a mutants had enlarged cotyledons ( Fig. 2A) . The length and thickness of rpt2a roots at this developmental stage were also increased compared with the wild type, but at later stages of development, root growth ceased, similar to the Wassilewskija mutant line hlr-1/rpt2a-1 (Ueda et al., 2004) . Analyses of rpt2a embryos revealed that the increased organ size was established already during embryogenesis. In mature embryos, the cotyledon area was 30% 6 10% larger and the radicle was 30% 6 10% longer than in the wild type ( Fig. 2B ; Supplemental Table S1 ). Since light is an important factor in the control of cell expansion and overall plant morphology, we also measured the dimensions of cotyledons, roots, and hypocotyls of 3-dold dark-grown rpt2a seedlings (Supplemental Table  S1 ). All parts of the etiolated rpt2a seedlings were Exons (E) and introns are represented by boxes (dark gray, coding region; light gray, untranslated region) and lines, respectively. Insertion positions of the T-DNA in the rpt2a-2 (SALK_005596), rpt2a-3 (SALK_130019), and rpt2b-1 (SALK_043450C) alleles are shown. B, RPT2 expression levels during Arabidopsis development. The developmental data set of the AtGenExpress project was used (Schmid et al., 2005) . Different bars in the same category denote the different developmental stages as specified by Schmid et al. (2005) . C, Expression analyses. RNA gel blots were probed with an RPT2a antisense probe. The region of a methylene blue-stained membrane encompassing ribosomal RNAs (rRNA) is shown as a loading control. D, RPT2 protein level in rpt2a mutants. Protein extracts from 10-d-old Col-0 and rpt2 mutant plants were separated by SDS-PAGE, blotted, and probed with anti-RPT2 and anti-PBA1 antisera. A region of the Ponceau S-stained membrane encompassing the large subunit of Rubisco (LSU) is shown as a loading control. E, Relative levels of RPT2 protein were assessed by densitometry from four immunoblots. The signal intensity of Col-0 was normalized to 1, and mean values 6 SD are shown. F, MG132 tolerance of rpt2 mutants. Seeds were sown and grown for 5 d in darkness on water/agar containing 50 mM MG132. Bar = 1 mm.
[See online article for color version of this figure. ] larger than those in the wild type (approximately 30% increase for root length, approximately 20% for hypocotyl length, approximately 30% for hypocotyl width, and approximately 70% for cotyledon area).
In the rpt2a mutants, all shoot organs remained larger than in the wild type throughout the life cycle ( Table S1 ). For example, the rosette diameters of 30-d-old rpt2a-2 and rpt2a-3 plants were 30% 6 10% larger than in Col-0 (7.8 6 0.3, 10.3 6 0.4, and 10.4 6 0.2 cm for Col-0, rpt2a-2, and rpt2a-3, respectively). Mature rpt2a siliques were approximately 30% longer and contained seeds with a 1.4-fold larger area compared with the wild type ( Fig.  2D ; Supplemental Table S1 ). The seed number per silique, however, was reduced in both mutants by approximately 20% (51 6 4, 40 6 3, and 38 6 3 for Col-0, rpt2a-2, and rpt2a-3, respectively; n $ 8, P # 0.005) due to a reduction in the number of ovules to approximately 80% of the wild-type level (52 6 2, 40 6 7, and 41 6 5 for Col-0, rpt2a-2, and rpt2a-3, respectively; n $ 3, P # 0.005). Analyses of the morphometric data showed not only that the size of aerial organs in the rpt2a mutants was increased but also that organ shapes differed from those of the wild type. In cotyledons, leaves, and petals, for example, the length-to-width ratio in the mutants was larger than in the wild type (Supplemental Table S1 ). The length-to-width ratios for juvenile leaves (leaves 1 and 2) of 30-d-old plants were 1.1 6 0.1, 1.7 6 0.3, and 1.4 6 0.2 for Col-0, rpt2a-2, and rpt2a-3, respectively. Taken together, these results indicate that loss of function of the RPT2a gene affected the mechanisms that determine the final organ size. In addition, the data suggest that the rpt2a mutations affect differently those mechanisms that govern proximodistal (i.e. length-related) and mediolateral (i.e. width-related) control of leaf expansion. Since the establishment of organ polarity was affected in a similar manner in cotyledons, leaves, and flower organs, we also concluded that the affected mechanisms are general and not organ specific.
It should be noted that the increase in rpt2a rosette size is not observed when plants are grown on halfstrength Murashige and Skoog medium (MS/2 medium; . Although we currently do not know what causes this growth difference, one explanation relates to the difference in salt concentrations between the MS/2 medium and soil and the hypersensitivity of 26SP mutants to stresses that cause protein misfolding, such as salt stress.
Kinematic Analyses of Cotyledon Growth in the rpt2a Mutants
The final size of an organ depends on the number and size of its cells (Mizukami, 2001) . Cell number and cell volume depend on the rate and the duration of cell proliferation and elongation phases but also on compensation, a still unknown mechanism that coordinates cell proliferation and elongation during organ morphogenesis (Tsukaya, 2008) . To determine which of the organ size determinants are affected in the rpt2a mutants, we first measured the length of the growth period of cotyledons (Fig. 3) . The postgermination growth of cotyledons is mostly based on cell expansion. Total cell number per cotyledon has been shown to increase by approximately 30% after 3 d of growth, after which no further cell division has been detected (Tsukaya et al., 1994; Stoynova-Bakalova et al., 2004) . Thus, analyses of cotyledon growth rates should allow us to distinguish between proliferation and elongation and to determine whether the elongation rate or the duration of the elongation phase contributes to the increase in final cotyledon size in the mutants. The time course analyses suggested that the duration of longitudinal growth of wild-type and mutant cotyledons was nearly identical; in all lines, the growth curves reached a plateau after 8 d (Fig. 3A) . Thus, the increased final cotyledon length in the mutants was not due to extended postgermination expansion growth and reflected the size differences already established during embryogenesis. The lateral growth period for the wild type and the rpt2a-2 mutant was also nearly identical, ending around day 8, whereas the rpt2a-3 mutant cotyledons displayed a modest expansion beyond this time point (Fig. 3B) . The longitudinal and especially lateral growth rates differed between the mutants and the wild type. The HillSlope coefficients that describe the steepness of the growth curves were 0.24 6 0.05, 0.36 6 0.07, and 0.36 6 0.05 for longitudinal growth and 0.31 6 0.05, 0.18 6 0.07, and 0.15 6 0.06 for lateral growth curves of Col-0, rpt2a-2, and rpt2a-3, respectively. The faster proximodistal expansion and reduced mediolateral expansion in rpt2a mutants explain the increased length-to-width ratio of their cotyledons (Supplemental Table S1 ).
To test if the increased cotyledon size in the mutants is a result of increased cell size, cell number, or both, we analyzed the cell sizes and numbers in cotyledons of mature embryos and 3-and 10-d-old light-grown seedlings (Fig. 4) . In mature rpt2a embryos, the cells of the adaxial palisade layer from the central part of the cotyledons were larger than in the wild type (Fig. 4, A  and B) . The overall cell numbers per cotyledon, however, were not significantly different (Fig. 4C) , which would account for the increased cotyledon area. Measurement of cell sizes and cell numbers in cotyledons of 3-and 10-d-old plants showed that while the cells remained larger, their number was reduced in both mutants when compared with the wild type (Fig. 4,  D-G) . Thus, the rpt2a mutations affect the postgerminative cell proliferation in cotyledons on the one hand and cell sizes during all phases of development on the other. The increase in cell size in an organ accompanied by a reduced cell number is a characteristic of compensation mutants, and because the final organ size in rpt2a alleles is increased compared with the wild type, the rpt2a mutants can be classified as largeleaf compensation mutants, as defined by Horiguchi et al. (2006) .
Cell Sizes and Cell Numbers in Petals of rpt2a Mutants
It has been shown that the compensation phenomenon occurs in determinate organs such as cotyledons, leaves, and petals but not in indeterminate organs such as roots (Ferjani et al., 2007) . To test if other enlarged determinate organs in rpt2a mutants also display compensation of the decreased cell number by increased cell volumes, we analyzed the cells of mature petals. The ridged cells of the adaxial surface of mature petal blades of the mutants had an approximately 3-fold larger area (Fig. 5, A and B) , and their total number per petal was reduced to 70% 6 10% of the wild type (Fig. 5C) . Interestingly, the decrease in total cell number was due solely to a decrease in the cell numbers of the mediolateral plane by approximately 30% (data not shown). In addition to the petal cells, and excepting pollen grains, we observed cell size increases in all other organs of the Arabidopsis shoot that were analyzed (i.e. rosette leaves, siliques, and stems), suggesting that this is a general cellular phenotype associated with rpt2a mutants (data not shown).
Polyploidization of Cells in Determinate Organs of rpt2a Mutants
The final size of plant cells is often positively correlated with their ploidy level (Mizukami, 2001 ). Another parameter that has been shown to positively correlate with ploidy levels is the number of trichome branches (Hulskamp, 2004) . In Col-0 plants, most trichomes on the adaxial side of the first leaf pair have three branches and a small number (approximately 5%) have four (Fig. 5D ). In contrast, more than 40% of trichomes in rpt2a mutants had four or more branches (Fig. 5D) .
Thus, both the cell size and the trichome morphology of rpt2a mutants suggested an overall increase in Figure 3 . Cotyledon growth in the wild type and rpt2a mutants. Plants were grown on MS/2 plates for 2 weeks under a long-day photoperiod. Length (A) and width (B) of 20 or more cotyledons were measured daily. Data are plotted on a log 2 -log 2 scale. All data are presented as means 6 SD, and the curves represent nonlinear curve fitting of data using a sigmoidal model with variable slope.
ploidy levels. To test the ploidy levels in cells of an organ at different stages in development, we isolated nuclei from unexpanded and mature cotyledons (Fig.  6, A and B) . In immature cotyledons dissected from 3-d-old seedlings, we detected a significant increase in 8C and 16C nuclei in both rpt2a mutants (Fig. 6A) . It has been shown that the overall proportion of cells with higher ploidy levels (4C, 8C, 16C, and 32C) increases with the age of Arabidopsis tissues (Galbraith et al., 1991) . Indeed, in fully expanded cotyledons dissected from 10-d-old seedlings, we observed nuclei in five ploidy classes, from 2C to 32C, in both wildtype and mutant lines (Fig. 6B) . In mutants, however, the number of cells that contained highly polyploid nuclei was significantly higher than in the wild type (Fig. 6B) . The endoreduplication factor (EF), which measures the average number of endocycles per 100 cells (Cookson et al., 2006) , was 109.1 6 1.1, 135.3 6 2.4, and 145.2 6 0.9 for 3-d-old Col-0, rpt2a-2, and rpt2a-3 cotyledons, respectively, and 200.5 6 4.5, 227.5 6 2.5, and 223.6 6 4 for cotyledons of 10-d-old Col-0, rpt2a-2, and rpt2a-3 plants. The differences between the Col-0 EF and the EFs of the rpt2a mutants were statistically significant (P , 0.005), suggesting that there is a positive correlation between ploidy level, cell size, and organ size in cotyledons.
To further test if the cell size increases in the rpt2a mutants are correlated with increased ploidy levels, we measured the DNA content of cells of two other organs that are enlarged in both mutants. First, we measured the DNA content of petal cells (Fig. 6C) . Previous studies have shown that cells at the tip of the petal blade are predominantly diploid (Hase et al., 2005) , while DNA content analyses of the entire organ (i.e. the petal blade and claw) showed some polyploidization (Dewitte et al., 2007) . We measured the ploidy distribution in whole petals of flowers at stage 15 (Smyth et al., 1990) . Surprisingly, the distribution of ploidy classes in the mutants was almost identical to that of the wild type (Fig. 6C) . The EFs were 33.3 6 2.1, 35.4 6 1.5, and 38.9 6 1.9 for Col-0, rpt2a-2, and rpt2a-3, respectively. In petals, therefore, there was no significant correlation between cell size and ploidy level. Finally, we also analyzed the relationship between the overall size and ploidy level of cells in hypocotyls of the wild type and mutants. Hypocotyls of 3-d-old rpt2a mutant seedlings grown in the dark were longer and thicker compared with the wild type (Supplemental Table S1 ) and also contained larger cells (data not shown). However, although the distributions of ploidy classes were altered in both mutants, the overall ploidy levels were not increased (Fig. 6D) . In fact, the EFs of the mutants were lower than that in the wild type (201.7 6 3.5, 179.1 6 3.8, and 163.4 6 6.2 for Col-0, rpt2a-2, and rpt2a-3, respectively). We concluded that in rpt2a mutants, similar to fugu compensation mutants (Ferjani et al., 2007) , cell and organ enlargement was not correlated with increased endoreduplication. While the general size increases of rpt2a shoot organs sets these mutants apart from other 26SP RP mutants, it remained possible that this phenotype merely reflects a different degree in proteasome malfunction than a specific function of RPT2 within the particle. To test this possibility, we analyzed two other RP mutants that carry more severe defects in proteasome function. The proteasome activity levels and development of the RP mutants rpn10-1 and rpn12-1 have been described previously (Smalle et al., 2002 (Smalle et al., , 2003 . The 26SP activity is decreased to approximately 30% of the wild-type level in rpn10-1 and to approximately 40% in rpn12a-1 . Thus, if the cellular phenotypes that we observed for rpt2a mutants are a result of a general decrease in 26SP function, they should be even more pronounced in the rpn10-1 and rpn12a-1 lines, given Figure 5 . Cell sizes in petals and trichome branch numbers. A, Mature petals of the wild type and rpt2a mutants were analyzed using the method of Horiguchi et al. (2006) . Ridged epidermal cells from the central region of petals are shown. Bar = 20 mm. B, The average cell area was measured in petals dissected from 10 flowers at stage 15. *** P , 0.0001. C, The cell number per petal was counted from at least three petals. The data are presented as means 6 SD. *** P , 0.0001. D, Increased trichome branching in rpt2a mutants. A minimum of 120 trichomes per line were analyzed in rosette leaves 3 and 4, and the frequency of trichomes with three, four, five, six, and seven branches is presented as the percentage of the total number of trichomes counted.
[See online article for color version of this figure. ] that the rpt2a-2 mutation only caused a reduction to approximately 60% of the wild-type 26SP activity . The most obvious developmental phenotypes of rpn10-1 and rpn12a-1 are shorter roots and smaller rosettes (Smalle et al., 2002 (Smalle et al., , 2003 . However, some shoot organs in rpn10-1 and rpn12a-1 are larger than in the wild type. In rpn12a-1, flowers and cotyledons are larger, while in rpn10-1, only flowers are enlarged (Fig. 7, A and E ; Smalle et al., 2003) . Thus, any level of decrease in 26SP function leads to an inhibition of root development, while the effects on shoot organ size appeared to be dose dependent and organ specific.
Next, we tested whether organ size in both RP mutants is correlated with cell size and ploidy level. We analyzed cotyledons, which are similar to wildtype size in rpn10-1 and larger in rpn12a-1 seedlings, and flowers, which are larger than the wild type in both RP mutants (Fig. 7, A and E) . In contrast to rpt2a (Fig. 4B) , the total number of palisade cells was also reduced in cotyledons of rpn10-1 and rpn12a-1 embryos (Fig. 7B ) and remained lower than in the wild type throughout cotyledon development (data not shown). Similar to rpt2a mutants, cells of rpn10-1 and rpn12a-1 were enlarged at all stages of cotyledon development ( Fig. 7C; data not shown) . Because the rpn10-1 mutation leads to a stronger defect in proteasome function, a likely explanation for the absence of any size increase in mature cotyledons is that the cell proliferation rate both during embryogenesis and during postgermination development is more affected than in rpn12a-1. In both mutants, we also detected an increase in polyploid nuclei (Fig. 7D) . In 16-d-old Col-0 cotyledons, 12% 6 2% of cells underwent four or more endoreduplication cycles, while in the mutants, 46% 6 5% (rpn10-1) and 44% 6 3% (rpn12a-1) of cells had a 32C or 64C content. In flowers of both mutants, epidermal cells in petals were larger than those in the wild type (Fig. 7, F   Figure 7 . Organ and cell sizes and ploidy levels in rpn10-1 and rpn12a-1 mutants. A, Ten-day-old wild-type, rpn10-1, and rpn12a-1 seedlings. Bar = 1 mm. B, The cell number of cotyledons was counted from photographs of lactophenol-cleared mature embryos. Five cotyledons per line were analyzed. C, The size of adaxial parenchymatic cells was determined in 10-d-old (10DO) cotyledons. A minimum of 40 cells were counted from each cotyledon, and 10 cotyledons per line were analyzed. The horizontal line represents the mean, and error bars indicate SD. D, Representative histogram of propidium iodide fluorescence intensity in nuclei isolated from cotyledons of wild-type, rpn10-1, and rpn12a-1 plants grown on MS/2 for 16 d. E, Flowers of RP mutants. Bar = 1 mm. F, Adaxial epidermal cells of wild-type, rpn10-1, and rpn12a-1 petals. Bar = 20 mm. G, Cell area of adaxial epidermal cells of petals from flowers at floral stage 15. Data are represented as means 6 SD (n $ 50). Asterisks indicate significant differences from the wild type (*** P , 0.0001). H, Ploidy distribution in petals was determined as described in the legend to Figure 6C . Mean values 6 SD are shown. [See online article for color version of this figure.] and G). In addition, the cells of rpn10-1 were larger than those of rpn12a-1. Similar to the rpt2a mutants, the increased cell sizes in rpn10-1 and rpn12a-1 petals were accompanied by decreases in cell numbers (51% 6 6% and 63% 6 9% of the wild type for rpn10-1 and rpn12a-1, respectively). Flow cytometric analyses of the DNA content, however, showed that the ploidy distribution in wild-type and mutant petals also did not differ significantly (Fig. 7H) . We conclude that the rpn10-1 and rpn12a-1 mutants, similar to rpt2a mutants, display a combined decrease in cell proliferation and increase in cell size that is not correlated with nuclear DNA content. The goals of this study were to determine the cellular basis of shoot organ enlargement in rpt2a mutants and to analyze whether the underlying mechanisms reflect a specific function of RPT2a or a general defect in proteasome activity. The mechanisms that control shoot organ size are still largely unknown, in spite of their fundamental importance and economic potential. The current view is that final organ size is controlled by internal developmental signals and modulated by environmental cues (Mizukami, 2001; Tsukaya, 2008) . To control final organ size, the intrinsic signaling networks need to control the initiation, duration, and termination of cell proliferation and cell expansion. This implies that these signaling networks are complex and include both promoters and inhibitors of cell division and cell expansion, many of which have been identified (Mizukami and Fischer, 2000; Mizukami, 2001; Hu et al., 2003; Jofuku et al., 2005; Ohto et al., 2005; Disch et al., 2006; Inzé and De Veylder, 2006; Szécsi et al., 2006; Song et al., 2007; Busov et al., 2008) . In addition to the networks that regulate cell proliferation and cell expansion, final organ size is controlled by compensation, an integrative system that leads to cell enlargement when the cell number in a determinate organ is reduced (Tsukaya, 2008) . Mature cotyledons and petals of the rpt2a-2, rpt2a-3, rpn10-1, and rpn12a-1 mutants contain fewer cells than those in the wild type, while the average cell volumes are increased. Thus, all tested regulatory particle mutants exhibit compensation. Similar to other mutant or transgenic lines for which compensation phenomena have been described Ferjani et al., 2007; Tsukaya, 2008) , the effects of compensation on final organ size varied considerably within the RP mutant series. For example, petals in all lines were larger than those of the wild type, but the rosette leaves were larger only in the rpt2a mutants and smaller in rpn10-1 and rpn12a-1.
The role of ubiquitin/26SP-dependent degradation in the control of cell division has been amply documented (Callis and Vierstra, 2000; Hansen et al., 2002; Smalle and Vierstra, 2004; Gutierrez and Ronai, 2006; Inzé and De Veylder, 2006; Pines, 2006; Dreher and Callis, 2007; Stone and Callis, 2007) . It has also been shown that the strength of the proteasome defect varies considerably within the RP mutant series used in this study . This suggests that in the weakest RP mutants, the rpt2a lines, the cell division controls are affected less than in stronger RP mutants, such as rpn10-1 and rpn12a-1. Indeed, while the cell number in expanding cotyledons of young rpt2a seedlings was reduced, no reductions were found in cotyledons of mature rpt2a embryos, in contrast to the rpn10-1 and rpn12a-1 mutants that already showed a lower cell number at this early stage in development (Figs. 4C and 7B) . Furthermore, the reduction in cell number in mature petals of all RP mutants was strongest in rpn12a-1 and rpn10-1 (Fig.  5C ). The compensation phenomenon tends to be observed only in lines in which cell division is decreased below a critical threshold (Tsukaya, 2008) . Our results suggest that this compensation threshold has been reached in all RP mutants and that it is predominantly the strength of the cell division defect that determines the final outcome of the compensation effect on organ size. In the weak rpt2a mutant lines, combined effects of the decreased cell numbers and compensative cell enlargement led to a general increase in final organ size. In the strong rpn10-1 mutant, the compensative cell size increases did not lead to enlargement of most shoot organs, probably because of the more severe reductions in cell division activity. This suggests that the growth differences observed between the RP mutants derive from the different strengths of the proteasome defect and are not related to any specific functions that the respective subunits might have within the 26SP particle.
This also suggests that during Arabidopsis shoot development, total 26SP activity needs to be maintained above a critical threshold to ensure the coordinated execution of cell proliferation and expansion programs. This critical threshold must be higher than approximately 60% of the wild-type level, because this activity level in the rpt2a mutants was sufficient to trigger a compensation mechanism. This further suggests that fluctuations in total proteasome activity may contribute to the regulation of plant growth. Although our current knowledge of the regulation of proteasome activity in plants is insufficient to support this hypothesis, there is evidence to suggest that proteasome abundance is not maintained at a constant level during the plant life cycle . Recent reports show that proteasome abundance and activity vary during plant development and in response to changes in environmental conditions (Smalle et al., 2002; Itoh et al., 2003; Kim et al., 2003; Shibahara et al., 2004; Yang et al., 2004; Lorenzo and Solano, 2005; . These developmental changes in 26SP activity could be an integral component of the regulatory network that controls plant stature, form, and size and may involve, in addition to effects on cell division and expansion, also developmentally activated plant cell death programs .
Polyploidy and the 26SP
Similar to its role in cell cycle progression, the role of the ubiquitin/26SP system in the switch from a mitotic cycle to an endoreduplication cycle has been amply documented (Kominami and Toda, 1997; Sigrist and Lehner, 1997; Genschik et al., 1998; Kominami et al., 1998; Cebolla et al., 1999; Szlanka et al., 2003; Neuburger et al., 2006) . Here, we show that all RP mutants have altered ploidy profiles in some but not all shoot organs. Because the effect of decreased proteasome function on endoreduplication was organ specific (i.e. it led to an increase in ploidy in cotyledons but not in petals and to a change in ploidy class distribution in etiolated hypocotyls), it confirms previous observations that cells of different tissues and organs express distinct factors that control the mitotic/endoreduplication cycle switch (Churchman et al., 2006) . In addition, because the observed changes in cellular DNA content were not correlated with the increased cell and organ sizes, we concluded that the general increase in cell expansion in RP mutants was not driven by increased polyploidization.
26SP-Versus 20SP-Dependent Proteolysis
Numerous studies in plants and animals have described the essential role for 26SP-dependent turnover of cell cycle regulators in controlling the various stages of cell division (Callis and Vierstra, 2000; Hansen et al., 2002; Smalle and Vierstra, 2004; Gutierrez and Ronai, 2006; Inzé and De Veylder, 2006; Pines, 2006; Dreher and Callis, 2007; Stone and Callis, 2007) . Accordingly, the cell cycle-related changes in RP mutants can be readily linked to their decreased 26SP activity. However, loss of 26SP function in RP mutants also resulted in increased activity of the free 20SP , and the contribution of this proteolytic pathway to the cellular phenotypes of RP mutants is more difficult to assess. Although some target proteins for the free 20SP have been identified in mammals and yeast, it is currently unclear to what extent this proteolytic pathway contributes to the protein turnover in eukaryotic cells . Future studies will have to address to what extent the plant 20SP contributes to the stability control of regulatory proteins, including factors involved in the regulation of cell proliferation, cell expansion, and the mitotic/endoreduplication cycle switch.
MATERIALS AND METHODS
Plant Materials, Growth Conditions, and Treatments
The rpt2a-3 (SALK_130019) and rpt2b-1 (SALK_043450C) T-DNA insertion mutants of Arabidopsis (Arabidopsis thaliana) were identified in the SIGNAL collection (Alonso et al., 2003) . The rpt2a-2/hlr-2 (SALK_005596) as well as rpn10-1 and rpn12a-1 mutants in the Col-0 background were described previously (Ueda et al., 2004; . All plants were grown on MS/2 medium (Sigma), pH 5.7, with 1% Suc and 0.8% phytoagar (RPI Corporation). For soil growth, 7-day-old seedlings were transplanted from MS/2 plates to pots containing 50% Promix and 50% vermiculite. All plants were grown in Conviron growth chambers at 22°C under long-day photoperiods and light of 120 mmol m 22 s 21 , unless indicated otherwise. MG132 treatments were done as described .
RNA and Protein Analyses
RNA was isolated from 7-d-old seedlings grown in liquid cultures using TRIzol reagent (Invitrogen). Total RNA (10 mg) was separated on 1% agaroseformaldehyde gels, transferred to nitrocellulose membranes (Hybond N+; GE Healthcare), and probed with [ 32 P]UTP-labeled riboprobes synthesized from linearized plasmids using the Riboprobe Combination System (Promega). The antisense RPT2a probe was synthesized from PstI-linearized plasmid obtained from the Arabidopsis Biological Resource Center (stock no. 145D18). For immunoblot analyses, plants were weighed, frozen in liquid nitrogen, and ground in two volumes of 23 Laemmli sample buffer. Proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes (Hybond C-Extra; GE Healthcare), and probed as described previously (Smalle et al., 2002 ) using anti-AtRPT2a antibodies purchased from Biomol.
Organ and Cell Analyses
For all morphometric and kinematic analyses, plants or plant organs were photographed and the relevant parameter was measured on digital images using ImageJ (Abramoff et al., 2004) . For cotyledon growth curves, a minimum of 30 in vitro-grown seedlings were analyzed. To determine organ size, a minimum of 10 organs were analyzed. For microscopic analyses of embryonic cells and cotyledon palisade cells, tissues were cleared with lactophenol (1:1:1:1 phenol:water:100% glycerol:lactic acid) for 12 h before analyses. For the analyses of cell sizes and numbers in petals, the printing technique of Horiguchi et al. (2006) was used. A minimum of five cotyledons per line were used to determine cell numbers and cell sizes. Trichome branch numbers were determined using an SZX12 microscope (Olympus).
Flow Cytometry
Nuclei were prepared and stained using the CyStain PI Absolute P kit following the manufacturer's protocol (Partec) and analyzed on a PAS flow cytometer (Partec). A minimum of 20 cotyledons, petals, or hypocotyls per line were pooled for each measurement. The data were analyzed using FlowJo 8.7.5 (Tree Star). Data were derived from at least 10,000 events, and the same gating hierarchy was used for all samples. The propidium iodide-stained nuclei were initially selected on the fluorescence versus the side scatter plot. The nuclear aggregates were then excluded on the forward scatter width versus the side scatter plot. The resulting population was used to analyze DNA content (fluorescence versus number of events).
Statistical Analyses
Descriptive statistics, hypothesis testing, and curve fitting were done using Prism 5.0a software (GraphPad Software). All data are presented as means 6 SD of at least two independent experiments. When means of more than two samples were compared, we used one-way nonparametric ANOVA with the null hypothesis that the value measured in Col-0 equals the value measured in the mutant. When the ANOVA P value was less than 0.05, we used the TukeyKramer posttest to find a significant difference between pairs of means. The significance levels, indicated by one (P , 0.05), two (P , 0.001), or three (P , 0.0001) asterisks in the figures, illustrate the results of the Tukey-Kramer posttest.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Table S1 . Morphometric characterization of rpt2a mutants. 
